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Reactions of C,H,* with Acetylene and Diacetylene in the Gas Phase
F. Ozturk, G. Baykut, M. Molsi, and J. R. Eyler®
Departmems of Clmnmry. Unloerslly of Florida, Gainesville, Florida 32611 (Received: November 6, 1986;
986)

In Final Form: February 20,

The reactions of linear C,H,* with acetylene, diacetylene, and deuteriated acetylene were investigated with a Fourier transform
jon cyclotron resonance (FTICR) mass spectrometer. A rate coefficient of (1.4 £ 0.7) X 107 cm®/s was obtained for the
reaction of linear C,H,* with diacetylene while no prudumon of larger ions was observed with acetylene. Thekeyeam up.ulmu

of FTICR were used muudymemmofdlﬂm C;H,* precursors with C;H, in order to i

d C,H,.’ from ionic sources o(h:;han C,H, present in the reaction medium. Linear C,H,* isomerized 1o the cychc form

with both The isomerization was shown to take phce vua a lon;-llved C,H, complex
byuuopeachnumambavmhan,H,’mddemmawd y} Resul din to pr
work involving C,H,* jons and a proposed ionic route to soot formation.

Intreduction

The C;H,* m has received considerable attention in recent
years as 3 p Soot pr b it is found in quite high
abundance in fnel-nch and sooting flames.'~? Although sub-
stantial unoermmy remains as to C;H,* formation mechanisms
in flames.*S the ion is postulated*® to react with neutrals such
as mtylene. dueetylene. and C;H in npld sequential conden-

sation and ion/elimination formmg [
sively larger ions, which can rearrange to cyclic species during
the ion/molecule reaction chain.

Michaud et al.? have made an alternate suggestion llm direct

reactions of C,H,* with Is such as b
toluene, naphthalene, methylnaphthalenes, and indene may be
more important in forming polycyclic jons than sequential reactions
involving acetylene and diacetylene. In fact, recent ion cyclotron
(ICR) studies of ions of C,H,* with aromatic

neutrals showed? that these reactions are fast enough to be con-

pouuhted to react with C,H,* ions in an ion/molecule soot

mechanism.* Reaction pathways and the rate coefficient
for the reaction of propargylium ions with diacetylene near room
temperature were thus also investigated. In this paper, results
for the reactions of C,H,* ions with acetylene, deuteristed
acetylenc, and diacetylene are reported and discussed in relation
1o previous work involving C,H,* reactions™>!? and the proposed*4
ionic route to soot formation.

Expsrimental Section

A Nicolet FTMS-1000 Fourier transform ion cyclotron reso-
nance (FTICR) mass spectrometer with a superconducting magnet
of fixed magnetic field (3.0 T) was used for the work reporwd
bere. Basic principles of the technique and its applications in
ion/molecule reaction studies have been reviewed in several recent
articles.!>™"” Reaction pathways were delincated by using the
e)ecuon capabilities'® of FTICR which make it possible to eject
one ion from a complicated reaction mixture to determine its
contsibution to the mass spectrum of all the other ions.

Reaction rate coefficients were determined by monitoring the
intensity of the C;H,* ions as a function of time (typicaily at least
2 3) sfter ejection of all other ions from the lnalym cell. Neutral
s p were d with an ioni gauge. Ioni
gauge readings were then corrected by constructing calibration
curves of ionization gauge vs. capacitance manometer (MKS-
Baratron) readings in the 1| X 10 t0 1 X 10™ Torr range. In
order to correct for the fact that the ionization gauge and capa-
citance manometer were located at different points on the vacuum
system, somewhat removed from the FTICR analyzer cell. a
correction factor was required. This was obtained by determi
the rate coefTicient of a well-studied (CH?* +C1H,
products, k,, = (1.0+ 0.3) X lO“'cm’/:) 1 where the ionization

sidered as possible bypass channels in ionic soot for
pathways in fuel-rich hydrocarbon flames.

Two isomeric structures of C,H,* are important in discussing
the role of C,H,* in ion/molecule reaction mechanisms. The first
is the cyclopropenylium ion, recognimd as the most stable isomer,
which has a theoretically calculated heat of for ion of 253
kcal/mol,*? in quite good agreement with the 256 + 2 keal/mot
determined by experiment.'” A second and potentially more
important C,H,* structure is that of the linear propargylium ion
with a calculated®® heat of for 31 to 34 kcal/mol higher
than that of the cyclopropenylium ion, in fair agreement with the
25 keal/mol difference found experimentally by Lossing.'® Recent
calculations® have shown several other stable isomeric structures
of the CyH,* ion with higher heats of formation relative to the
cyclopropenylium and propargylium ions.

The importance of different precursors in affecting the reactivity
of C,H,* ions was reported in a thermochemical study of Holmes
and Lossing.' In an ICR study of C,H,* reactions, Ausloos and
Lias'? showed that significant fractions of the linear isomer can
be produced by charge-transfer reactions of small ions (Ar*, Xe*,
CO?*, Ne*, etc.) with propargyl chloride and bromide. Later it
was reported’ that even higher proportions of the propargyhum

gauge p readings were corrected by using the capacitance
manometer. Thn experimentally determined rate coefficient was
then compared with the ge of published values'>2 and the
ratio of the published value to the musured which was 3.3 &
1.1,% was used as a correction factor. This factor was used in
calculating the absolute rate coefficients reported in this article.
All calculations of rate coefficients and 95% confidence limits were
performed with a menu-driven Fortran computer program
(available from the authors on request).

Reactive and ive CyH,* ions were produced by
charge-transfer reactions of various precursors with Xe*, formed
with an electron beam pulse of 5-ms duration at an ionizing
electron energy of ca. 15 eV. Propargyl iodide was used as 2
precursos for CyH,* in studies of the reaction of this jon with
acetylene, deuteriated acetylene, and diacetylene, while a b
of different precursors (propargyl iodide, propargyl bromide,
propergyl chloﬂde. propyne .nd allcnebvere used to investigate
the

nuduu C,H,* ions were produced rcctly from the above-men-
pt by el pare the effect of
ionization technique on the ratio of ive to ive i

Proplr;yl iodide was prepured from propargyl chloride by a

isomer relative to the cyclopropenyhum isomer can be ob
with propargyl iodide either by electron impact or charge exchange
using Xe*.

A study by Smyth et al. '3 demonstrated that the cyclo-
penylium ion was ively unreactive toward simple hydro-
carbon fuels whereas the lincar, propargylium ion was quite re-
active. In particular, reaction of propargylium ions with acetylene
was reported to produce C;H,* and C;H,* ions with an overall
C,H,* disappearance rate coefficient of 1 X 10°* cm’/s. Since
this scquence of reactions is a critical one in the initial stages of
the postulated ion/ hanism of soot formation, it was
studicd as a part of ongoing work”'* in our laboratory related 10
reactivity and structures of small hydrocarbon ions. Results
substantially different from those reported carlier were found and
the study was thus expanded to investigate possible production
of C4H,* ions from ionic sources other than C\H,* present in the
reaction media using the ejection capabulities of Fourter transform
ion cyclotron resonance (FTICR) mass spectrometry. Reactions
of propargylium ions wuh C,D, were also studied in order to
1 further a prop: h
interaction.

Diacetylene is another important flame neutral which has been

for the C,\H," /acetylene -

* The details of purification are given
eluwherc Proporgyl chloride, propargyl bromide, allene, pro-
pyne, and acetylene were obtained commercially and their purity
was checked by oh(ammg wide mass range spectra. In the case
of acetylene, some prod of pr was observed
at long delay times indicating lhe presence of a small amount of
acetone as an impurity. Propargyl bromide was distilled before
use in order to remove toluene which was present as a stabilizing
agent. Deuteriated acetylene was prepared from D,0 and CaC,.
Diacetylene was prepared by the method of dehydrochlorination
of 1.4-dichloro-3-butyne in aqueous potassium hydroxide/dioxane
solution.””  All the samples were used after multiple freeze-
pump-thaw cycles.

Results

CyHy* Reactions with Acerviene. Despite an earlier report"’
that linear C\H,* is quite reactive with acetylene. only very low
intensities of C.H,* and C,H.* produced via this reaction could
be found in this work. Expenmental conditions of the earlier studv
were duplicated as closely as possible, and then varied substanuaily
with respect 1o relative pressures of neutrals (from 1.1 10 8.1
C,;H,.CyH,1) and overall system pressure (from § X 107" to 3 X
10°* Torr). C,H,* ions were formed from propargyl chionde,

*r
5 CeHy
CyHy* ion formation. in some <~
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bromide, and iodide by both charge transfer using Xe* and electron
impact. In order to determine other possible sources of C;H,*
observed under the earlier reaction conditions, binary mixtures
of acetylene and one of the C,H,* precursors 11083 eqriier
were used. Intensities of C;H;s* and C4H,* were first measured
after a 125-ms reaction time. Then the pareat ion, C;H,*, and
C3H,* were each cjected separately during the 125-ms reaction
period to assess their contribution to CyH,* and C,H,* formation.

For each different 1 p the and amounts
of C;H,* ions produced were found to be different. Propyne and
allene were similar in producing large amounts of CsH,* and no
CsH,* ion. However, the C,H,* + C,H, reaction was not re-
sponsible for C;H;* formation. The main reactions leading to
CyH¢* were

CH,* + CH, = CH,* + H (¢))

CH,* + CH; ~ C,H,* + H @)

in both cases. On the other hand, when propargyl iodide, propargyl
bromide, and propargyl chloride were used as precursors, relatively
smaller amounts of CsHy* ion formation were observed along with
C4H,* ion production. In the propargyl chloride case

C,H,CI* + C;H; — CH,* + Cl [6))

C,H;* + C,H,Cl = C{H,* + CI 4)
were the major leading to CyH,* for For pro-
pargyl bromide the

C;H,Br* + C;H, ~ C;H,* + Br o)

reaction was the only source of C{H;* ions observed. Any con-

ibution to CsH,* for from linear C,H,* was less than
the experimental uncertainty. Finally, very little (aimost negli-
gible) amounts of C;H;* ions were observed when propargyl iodide
was used as a precursor and the reactions

CH,* + CH,1 = CH,* + | (6)

GH;* + C;H, — C4H,* Y]

were the major contributors in this case. An upper limit for the
ate k. for jon 7 was estimated as § X 10°'2 cm?/s

by assuming that the very small C;H;* signal observed resulted
from this reaction, and using the expression (C,H,*](t) =
C3H,*)(0) - [CsHs*)(1) = [C,H,*1(0)e™, where n is the C,H,
number density. Overall resuits for the production of C¢H,* and
C4H,* ions with different neutrals which have been reported’-'212
as precursors of C;H,* are summarized in Table I.

Because propargyl iodide was shown to produce the highest
reactive/unreactive ratio of C;H,* ions in both earlier’!! and the

present work (see Table 11), it was,as a precursor for C,H,* ions— ml

in these reaction kinetics studies. Since the precursor neutral
molecule was always present in the FTICR analyzer cell, it was
a competitor with the 1 of i in ion/molecul
reactions involving C,H,*. In order to determine the rate coef-
ficient of reactions of C,H,* with the neutral reactant, it was
y first to monitor the of this ion with C,H,l and
then to subtract the rate coefficient for this reaction obtiie o
with G Hj-tnd-then to SubiFatT The-rate-eoefficient-~forthis-
reasiion from the total rate coefficient observed in the presence
of both the precursor neutral and the reactant of interest. Re-
actions of C,H,* with propargyl iodide wae d as a functi
of time f{ollowing charge-transfer chemicalionization of C,H,1 '
by Xe* and ejection of ali ions but C,H,% reaction channels with
propargyl iodide which have been reporied elsewhere.”

Isomerization of Linear C,\H,*. In addition to the absence of
any significant C,H,* and C,H,* formed by reaction of linear
C,H,* with C,H,, it was also observed that C,H, led to the
isomerizauon of linear C,H,* ions 10 their cyclic form, thus
rendering them unreactive toward their parent neutral (C,HH,1)
as well as toward C,H,. This isomerization was foltowed as a
function of C,H, pressure and a direct pressure dependence was
found, as can be seen in Figure |.

C,H,* Reactions with C.D,. To achieve a better understanding
of the 1somenization of linear CH,*. C,D; instead of C,H, was
used as the neutral reactant. The following 1sotope exchange
reactions were observed:

MWM‘MWW‘Q}AMMQQMLQ: ‘.

w.‘

were

CH,* + C;D; — C,H,D* + C,DH ®
CH,* + C;D; — C,HD;* + C;H, ®
CiH,D + C,D; — C,HD;* + C,DH (10)
CH,D* + C;D; — C,D,* + C,H, an
CHD,* + C;D; — C,D,* + C,DH a2

With the FTICR ejection capabilities. it was found that reactions
9 and 10 contribute equally to the production of C;HD,* while
reaction |2 produces more of the C,Dy* (80%) than reaction 11
(20%).

lon intensity vs. time curves for the C;H,*/C;D, reaction are
shown in Figure 2. The overall rate coefficient for the disap-
pearance of C,;H,* was calculated by subtracting the observed
rate coefficient for the reaction with propargyl iodide from the
total observed rate coefficient in the presence of C,D,. This
observed rate coefficient was then converted to the true rate
coefficient by using the corrected pressure of C,D;. A value of
(4.5 % 1.9) X 107 cm®/s was found at a cell temperature of 373
K for the di of CyH,* ( 8 and 9). In Figure
3, ion intensity vs. time curves of C;H,* are compared for reactions
with and without C,D,.

CyH,* Reactions with Diacetylene. Alter ejection of all ions
except CyH,* following charge-transfer chemical ionization by
Xe* of a mixugre of dineetyle_ne and propargyl iodide, the ion/

r as a fi of time were monitored. Con-
secutive C, and C(H, addition reactions gbserves: ___—— ute.

C,H,* + C,H, -~ C,H,* (13)

GH,* + CH; = CH,* + C,H, (14)

CsH,* + CH, =~ C,H,* (15)

CsH,y* + CH; = CH,* + C;H, (16)

C:H,* + CH, = C,H,* an

CoHy* + CHy — CyHy* + CH, (18)

CeHy* + CH; = C,H,* 19)

Some of these product ions were seen to react further with
propargyl iodide by displacement of atomic iodine:

CsHy* + CH)Y = CHe* + 1 (20)
Caiyd

CH,* + CH~ CoH,* +1 Q1 -

CH* + CH)l = C,H,* + 1 (22)

CHe® + CHJE = C Hyt + 1 oL

CoH* + CHyl — CjH,* + 1 4

Ton intensity vs. time cur- cs for the C,H,*/C H; reaction are
shown in Figure 4. The raie coefficient for the disappearance
of C,H,* (reactions 13 and 14, Figure S) was calculated as de-
scribed carlier, and a value of k = (1.4 £0.7) X 10* cm’/s was
found.

Propargyl iodide, bromide, and chioride were all used as pre-
cursors of CyH,* in studying its reactions with diacetylene. For
each precurtor, both electron impact and charge-transfer chemical
ionization techniques were used. The percentages of reactive
isomer in the reaction with diacetylene are shown in Table 111
When these percentages of reactive somer were compared to thoe
in the absence of C,H,; (see Table 1), it was clear that some
isomenzation of the reactive linear C H,* ion, as well as reactiions
13 and 14, had taken place (see also Figure S} This isomenzation
was followed as a function of C H, pressure and a direct pressure
dependence was found, as can be seen in Tabic IV




Discussion .

Although the results of this work are not in agreement with
the eartier report’* of C,H,*/C,H, reactivity, the discrepancy is
most likely due to limitations of lhe older pulsed ICR" instru-
muuonror dying ion/mol hways in com-

when pared to newer FTICR capabilities.
Facile epcuon of afl ions except the one whose ion/molecule
reactions are being investigated offers a very clean monitoring
opportunity for producl—plmll relationships even in complicated

and itive Various alternative
pnthnys for the pmduc(m of C,H, and CsH,* which have been
above p ibuted significantly to the intensities

of these jons seen in the earlier work. Additional support for (he
low reactivity of C,H,* with C;H, is found in a recent report®®

of the rate coefficient for this reaction as less than 0.01 X 107
cm’/s, although the isomeric form of C,H,* was not given. It

is also possible that the high s used in this work did
not mch those of the carlier uudy" due to differences in the
of gauges, etc. Thus

third-body stabilization of C,H, eollmon complexes lmghl have
been occurring to some extent in the earlier work and not in that
reported here.

The most likely mechanism of the observed isomerization of
C;H,* ions by collisions with acetylene is a “reactive” rather than
a “nonreactive” one. That is, it results from an intimate encounter
of the ion and neutral in the C,H,* collision complex. This
hypothesis is confirmed by the fact that deuteriated forms of
CyH,* were produced when C,D; was the ncutral reactant (see
Figure 3). In most cases the C,H,* collision complex dissociates
w0 give the cyclic. unreactive, C,H,* isomer, instead of the reactive,
lincar form which reacted initially. The possibility of nonreactive
collisional isomerization of linear C,H,* to the cyclic isomer has
been ruled out because experiments at elevated pressures of xenon
(to ca. 1 X 10°* Torr) showed no interconversion. Similar in-
terconversion of C,H,* ions from a linear to cyclic form has also
been reported” in the mnion with CH, and has aiso been shown
to take place vis plex formation by using pically labeled
C,H, To confirm the hypothesis that energetically Im stable,
reactive, (linear) C;H,* ions interconvert to more stable, unreactive
ones, cyclic C,H,* ions were also reacted with C,D, and no isotope
exchange reactions were observed.

Plots of CyH,* ion intensity va. time for reaction with di-
acetylene (C,H,) (Figure 5) indicate a 10-12% increase in the
intensity of the unreactive isomer relative to the reaction when
the parent precursor only is present. Isomerization of reactive
C,H,* was also seen when different precursors were used (compare
Tabdles Il and Lil). A similar mechanism involving complex
formation may be responsible for this isomerization as well, al-
though it was not investigated in any detail.

1 1 1

The ion ion reacti q
(reactions 13-19) observed when C,H,* reacts with C,H, suggest
that this aspect of the proposed*® ionic path 1o soot formation 1s
quite credible. The rate coefficient determined in this work for
C,H,* disappearance ((1.4 % 0.7) X 10™ cm?/s) is in good
agreement with that determined earlier!’ ((1.0 £ 0.5) X 10°
cm’/s). Some of the product ions formed (e.g. C;H,* and C.H,*)
have been seen to be abundant in both nonsooting and sooting
flames.’ On the other hand, the observation of C H,* isomen:-

2ation and not condensation with acetylene suggests that the
proposed sequential acelylene addition rencuom to C.\Hy* in the
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Table I: Production of CSHS+ and C5H3+ ions in mixtures of various neutrals

RN

} and acetylene.a

)

F Neutral Ionic sourcesP Ratio of Ionic souf%esb Intensity Percent Y
j of CgHg" after CgHg* prod. of CgHyt of Cgg* reactive :
Xe* charge relative to vs. CgH;* C3H,* ‘

; transfer that in ions i

ionization of allene case®

a mixture of

! the neutral &
| and acetylene $
! 2
Allene oyt (40%) 1.0 - - <s :
C4H,* (60%) "
Propyne C2H2+(40%) 0.75 - - 30 ;
+ ]
C4H," (60%)
W
Propargyl C2H2+(40-50%) 0.25 C3H3C1+(20%) 3.0 15 5
chloride C;H4C1" (50-60%) CyH4% (20%) "
C,H,* (60%) -
Propargyl  C,H,Br'(90-100%) 0.08 CyHy*(70%) 2.0 85 :
bromide [cyH,* + :
L]
C4H3Brt1(30%) >
¢
Propargyl CyH, " (40%) <0.02 Cot*(50%) 1.7 90
Y
: + + o :
iodide C3H3 (6096) C3f13 (50-) ::o
2 All ions were produced by chemical ionization charge transfer from Xet. N
Percentages show the relative contributions to CSHS+ and C5n3+ production as f‘
determined by double resonance experiments and have an estimated uncertainty “
Of 110’5. )
e
€ Neutral reactants all had the same pressure (7 X 107 torr) as measured by
the ionization gauge. Xenon and acetylene pressures were 5.6 X 10 and 1.8
X 10-6 torr, respectively.




Table II: Percentages® of reactive C3H3+ found from various precursors by
various ionization techniques (monitored by observing reaction with the

precursor neutral). .

Ionizing Precursor

technique Propargyl Propargyl Propargyl .
- lodide bromide chloride

Electron impact 90% 40% 10%

(15 ev)

Chemical ionization 90% 85% 15% .

charge traunsfer

with xe*

2 Estimated error is #5%.

w_a
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Table III: Percentages® of reactive

gha gt gty 4ty AVa ilat g 8t

C3H3+ observed in the reaction with

CqHy°

Ionization Precursor

technique Propargyl Propargyl Propargyl .
iodide bromide chloride

Electron impact . 75% 30% 5%

{15 ev)

Charge transfer 75% 65% 5%

by Xe*

: Estimated error is £5%.
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P = 4.8 X 10 torr.
CaHy
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Table 1IV: Changes in C3H3+ reactivity® at different pressures of
diacetylene.b
.'
Pressure of ) . z
1
C4}12/10'7 torr % of unreactive C3H3+ 9
- ‘.
N
0.8 16 by
’
1.6 17 .
2
4.8 25 o
:.
7.2 32 %l
800 35 : y
9.6 40 b
>
~J
’
o 4
a l-C3H3+ ions were produced from propargyl iodide by chemical ionization &
-
charge transfer with xet, (pC3H3I = 1.1 x 1077 torr; py. was adjusted to ;,
maintain a constant total pressure of 2.6 X 1076 torr as read on the "
ionization gauge). .
.-
b All pressures are capacitance-manometer corrected. [
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Figure Captions

Figure 1.

Figure 2.

Figqure 3.

Figure 4.

Isomerization of 1linear c333+ ions at different pressures of
CoHye C3H3+ ions were produced by charge transfer reactions with
Xe. pC3H3I = 1.1 X 10”7 torr; Pxe was adjusted to maintain a
constant total bressure of 2.6 X 10~° torr as measured on the
ionization gauge. (All pressures are capacitance-manometer
corrected.,)

Isotope exchange reactions of C3H3* with C,D,. Disappearance of
C3H3+ ion includes reactions with propargyl iodide. Note that the
sum of all isotopic forms of C3H;* remaining at the end of the
reaction with C,D, approximately equals the total unreactive C3H3+
when C2H2 is used as a neutral reactant at the same pressure (see
Fige 1)e e 1 = 101 X 1077 torr; Peop, = 142 % 107% torr; pye =
6.2 X 1078 torr.

C3H3+ ion decay <curves for reaction with C3H3I and CyDye
(Pressures are the same as given for Fig. 2.)

Reactions of C3H3+ with C,H,. Disappearance of C3H3+ and product

ions include reactions with propargyl iodide. = 1.1 x 1077

p

) C3H4I
torr; Py, = 4.8 X 1077 torr; Pye = 6.2 X 1078 torr. (All
pressures are capacitance-manometer corrected.)

+ . .
CqHj decay curves for the reactions with C3H3I  and CyH,.

(Pressures are the same as given for Fig. 4.)
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Reactions of - CsH3 with C,D,
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